1. Introduction {#s0005}
===============

1.1. Aerobic metabolism and oxidative stress {#s0010}
--------------------------------------------

Oxygen is the final acceptor of highly energized electrons generated at different metabolic processes being the most relevant the oxidases' activity (xanthine oxido-reductase; NADPH oxidase), nitric oxide synthase (NOS), and the mitochondrial oxidative phosphorylation process. Under physiologic conditions, a small percentage of the total oxygen metabolized during aerobic metabolism is incompletely reduced leading to the formation reactive oxygen species (ROS). The most common ROS in human biology result for the reduction of oxygen with just one electron to form superoxide anion (•O~2~^-^). In addition, the reduction of oxygen with 2 or 3 electrons leads to the formation of hydrogen peroxide (H~2~O~2~) and hydroxyl radical (•OH), respectively. In addition, nitric oxide (NO•) may combine with oxygen free radicals especially anion superoxide to conform peroxynitrite (ONOO^−^) a reactive nitrogen species (RNS). ROS and RNS have short half-lives and react with nearby molecules such as proteins, DNA, RNA, glucids or free fatty acids begetting them as free radicals and altering their structure and/or function. In the presence of transition metals especially iron (Fe^+2^) generation of hydroxyl radical is highly enhanced (Fenton chemistry). However, ROS and especially hydrogen peroxide can also act as cell-signaling molecules and regulate cell redox processes. Oxidative stress is broadly referred to as an imbalance between the generation of ROS and RNS and their clearance by the antioxidant defense system and has been associated with placental oxidative disorders and immune disturbances and newborn conditions [@bib1], [@bib2], [@bib3].

Human life *in utero* elapses in an environment that is relatively hypoxic as compared to the *ex utero*. However, oxygen availability is provided by exquisite adaptive mechanisms that allow for an extraordinary growth and development that exceeds any other period of life. Maternal conditions during pregnancy may cause fetal hypoxia. Chronic hypoxia is caused by vascular or metabolic alterations in the mother such as preeclampsia, obesity or diabetes. Hypoxic fetuses are at higher risk of developing oxidative and nitrosative stress that may be determining for their *in utero* development and postnatal development [@bib4].

Acute hypoxia leading to asphyxia is characterized by profound acidosis, base deficit and lactacidemia. Given this situation resuscitation maneuvers immediately after birth are indispensable for patient\'s survival; however, mechanisms inherent to ischemia-reoxygenation will inevitably increase initial damage [@bib5]. Therefore, interventions to avoid reoxygenation damage such as reducing the inspiratory fraction of oxygen (FiO~2~) in the delivery room (DR) have been advocated for resuscitation of asphyctic neonates and for preterm infants with immature lungs, surfactant production and antioxidant defense system [@bib6], [@bib7].

1.2. Biomarkers of oxidative stress and clinical application {#s0015}
------------------------------------------------------------

Biomarkers could be defined as metabolites that can be objectively measured in biofluids (plasma, urine, spinal fluid, etc.) in the laboratory and accurately reflect either normal biological or pathological processes or response to pharmacologic interventions. In the clinical setting they acquire relevance when capable of assessing response to specifically tailored treatments or are able to predict short and/or long term outcomes [@bib8]. Sensitivity and specificity define the accuracy of a biomarker to identify and quantify changes in biomolecules available in easily accessible biofluids (plasma, urine, amniotic fluid, etc.). Furthermore, the ideal biomarker should remain stable during storing, require small volume, preferably non-invasively obtained (urine), easily determined by automatized methods, reproducible, quantitatively expressed results, and preferably inexpensive [@bib9]. The newborn infant is at high risk for oxygen free radical derived conditions [@bib10]. Many of the most relevant pathologies associated with prematurity such as birth hypoxia, retinopathy of prematurity (ROP), bronchopulmonary dysplasia (BPD) or intraventricular hemorrhage (IVH) have been associated with the use of oxygen supplementation and the immaturity of the antioxidant defense system in the postnatal period [@bib11], [@bib12]. However, the newborn infant and especially the very preterm have unique physical characteristics that limit the accessibility to blood vessels and the volume of blood that can be drawn for analytical purposes. Moreover, ethical considerations recommend limiting painful procedures. Both gas chromatography and high performance liquid chromatography coupled to tandem mass spectrometry (GC-MS/MS, HPLC-MS/MS) have been widely used to obtain snapshots of the oxidant status in plasma or serum of the newborn infant [@bib13]. However, more recently repeated urine analysis have allowed to non-invasively monitor changes over time of the oxidant status after specific therapeutic interventions [@bib14], [@bib15].

Although highly reliable methods have been put forward enabling multi-analyte detection in different biofluids the use of biomarkers of oxidative stress in neonatology has been almost confined to clinical research. The complex methodology requiring sophisticated equipment and highly specialized technicians, elevated cost, delay in providing results, unavailability round the clock, and the difficulty in interpreting data from a clinical point of view has limited the use of oxidative stress biomarkers to experimental and clinical research. However, the results of oxidative stress biomarkers has been crucial to support changes in the guidelines of newborn resuscitation that now recommend the use of use of room air instead of pure oxygen in asphyxiated term infants [@bib16]. Moreover, the amount of oxygen provided during the stabilization of preterm infants correlates with the level of plasma and/or urinary biomarkers of oxidative stress and with the development of BPD [@bib15], [@bib17], [@bib18], [@bib19]. These findings have notably influence the restriction of oxygen supplementation in the delivery room in preterm infants [@bib17]. Further clinical application of oxidative stress biomarkers relates to the studies of Winterbourne et al. that have found increased levels of glutathione sulfonamide (GSA) in bronchoalveolar lavage fluid in preterm infants who later developed lung infection or BPD [@bib20], [@bib21], [@bib22]. Using a similar analytical methodology, our group found increased levels of 3-Chlor-tyrosine and GSA in ventilated preterm infants who developed ventilator-associated pneumonia [@bib23], [@bib24]. [Table 1](#t0005){ref-type="table"} provides a summary of the most commonly employed biomarkers in neonatology.Table 1Analytical biomarkers used for the assessment of oxidative stress in clinical research in the perinatal period and most reliable techniques employed for its measurement.Table 1**Oxidative biomarkersTarget biomoleculeModificationBiological samplingAnalytical method**Glutathione (GSH/GSSG ratio)AntioxidantsGeneral Redox StatusTotal BloodLC-MS/MSo-TyrosineProteinsUrineHPLC-MS/MS(o-Tyr/Phe ratio)m-TyrosineProteinsUrineHPLC-MS/MS(m-Tyr/Phe ratio)3N2-TyrosineProteinsTyrosine nitrationUrineHPLC-MS/MS8OHdGDNAUrine/Plasma/Serum/CSF/AFHPLC-MS/MS(8OHdG/2dG ratio)F2-IsoPsDNADNA oxidationUrine/Plasma/Serum/CSF/AFGC-MS/MS; HPLC-MS/MSD2/F2-ISoPsDNADNA oxidationUrine/Plasma/Serum/CSF/AFGC-MS/MS; HPLC-MS/MSIsoFsDNADNA oxidationUrine/Plasma/Serum/CSF/AFGC-MS/MS; HPLC-MS/MSNeuPsDNADHA PeroxidationUrine/Plasma/CSF/AFGC-MS/MS; HPLC-MS/MSNeuFsDNADHA PeroxidationUrine/Plasma/CSF/AFGC-MS/MS; HPLC-MS/MS[^1]

The aim of the present review is to describe different perinatal circumstances leading to alterations of oxygenation and oxidative stress and to outline those biomarkers of oxidative stress that have evidenced clinical relevance.

1.3. The physiological hypoxic milieu in utero {#s0020}
----------------------------------------------

The energy needed to sustain life in multicellular organism is provided by the aerobic combustion of nutritional metabolites in the mitochondrial oxidative phosphorylation system and accumulated as ATP [@bib25]. However, in adult human tissues oxygen concentration lies substantially below conditions found in air. Hence, the range of oxygenation is between 25 mmHg and 55 mmHg partial pressure of oxygen (ppO) depending on the tissue and therefore it is known as physiological hypoxia. Oxygenation of the fetus is clearly dependent on the partial pressure gradients between maternal blood, placental tissue, fetal blood and fetal tissue ([Fig. 1](#f0005){ref-type="fig"}). The level of placental oxygen varies with gestation; thus, oxygen levels are extremely low in the first weeks after conception during embryonic development. Thus, before the 12th week of gestation, the intervillous partial pressure of oxygen (PIVO~2~) has a median value around 18--20 mmHg, presumably to protect the embryo, which is highly sensitive to ROS [@bib26]. Hypoxia in the embryonic phase triggers angiogenesis and is a prerequisite for the maintenance of stem cell pluripotency [@bib27]. Notably, in the first trimester of pregnancy, embryonic stem cells depending on the oxygen provided by the placenta develop at around 10--15 mmHg ppO while in the endometrium levels are around 25 mmHg. Embryonic stem cells show more efficient growth and differentiation at lower oxygen pressures (10--15 mmHg) than at higher oxygen levels (25 mmHg) [@bib25], [@bib28]. Prolonged hypoxia will stimulate angiogenesis through transcriptional and post-transcriptional regulation of growth factors such as vascular endothelial growth factors (VEGFs), erythropoietin (EPO), placental growth factor (PGF), and angiopoietins 1 and 1 [@bib29]. The master regulator for the cell\'s adaptive responses to hypoxia is hypoxia inducible factor 1 (HIF-1), a heterodimeric transcription factor comprising HIF-1α and HIF-1β subunits. HIF-1α is stabilized when the concentrations of oxygen are below the specific critical oxygen threshold thus accumulating in the hypoxic cell. HIF-1β is constitutively present in the cell nucleus. Under low oxygen conditions it dimerizes with HIF-1α and binds to the hypoxia response elements in the regulatory region of a number of genes activating their transcription. Activated genes, and especially VEGF and EPO, enhance O~2~ delivery to tissue [@bib30], [@bib31]. Around the 14--16th week of gestation PIVO~2~ steeply raises reaching stable values of 45--50 mmHg until the end of gestation. During fetal stage of development the rate of cell proliferation, division and vascularization occur at a slower rate coinciding with increased oxygenation [@bib32], [@bib33].Fig. 1Partial pressure of oxygen achieved by the embryo is strictly related to the oxygen content of inspired air, alveolar oxygen content, partial pressure of oxygen in the mother and placental fetal gas exchange. Changes at any of these stages will inevitably affect embryo/fetal/newborn oxygenation.Fig. 1

P~a~O~2~ *in utero* is about 25--30 mmHg as compared to 80--90 mmHg in the mother. However, despite of this, adaptive mechanisms allow a similar oxygen delivery to tissue than provided after birth [@bib34].

### 1.3.1. Oxidative stress at the maternal-fetal interface {#s0025}

Free radical generation is present in placenta and fetus from the beginning of pregnancy contributing to normal fetal development. At the end of the first trimester, physiologic oxidative stress prompts the regression of villi that were formed over the entire surface of the chorionic sac to leave the definitive discoid placenta. Placental detoxification activity protects the developing embryo from oxygen free radical mediated teratogenesis. However, at the end of the first trimester a three-fold rise in the oxygen concentration induced by placental maturation causes an exponential increase of ROS generation. Subsequently, activated apoptotic pathways in the peripheral villi finally will contribute to their regression. However, under stressful conditions oxidative stress will be a determinant factor leading to complications such as miscarriage, pre-eclampsia, intrauterine growth restriction (IUGR), and or premature rupture of membranes with the subsequent risk of preterm delivery and/or offspring infection [@bib35].

### 1.3.2. Conditions associated with chronic fetal hypoxia and oxidative stress {#s0030}

Pre-eclampsia and type 1 diabetes are the two most frequent conditions that by different mechanisms lead to fetal hypoxia and neonatal morbidities and mortality. Pre-eclampsia is characterized by a low intermittent uterine blood flow to the placenta due to alterations of the lumen of spiral arteries [@bib34], [@bib35]. Fluctuant perfusion causes a low-grade ischemia-reperfusion type of injury that provokes oxidative stress. ROS may cause pre-eclampsia by different mechanisms such as activating syncytiotrophoblast pro-apoptotic pathways during placentation thus impairing normal arteriolar remodeling, consolidate the inflammatory response, and/or alter the vascular endothelium response [@bib35]. In a longitudinal clinical study analysis of plasma and urine biomarkers of oxidative stress and inflammation was sequentially performed along gestation. Hazard ratios of developing pre-eclampsia significantly correlated with increased urinary concentrations of 8-isoprostanes and plasma levels of c-reactive protein, and IL-1β, IL-6 and IL10 after the 18th week of gestation. Of note, while concentration of 8-isoprostanes consistently correlated with increased hazard ratios for pre-eclampsia levels of 8-OHdG did not [@bib36]. Similarly, Longini et al. found increased F2-isoprostanes' levels in amniotic fluid that significantly correlated with pre-eclampsia and fetal growth restriction [@bib37].

The precise mechanisms that cause fetal hypoxia in type 1 diabetic pregnancy have not been yet clearly established; however, epidemiological reports reveal that stillbirth and early neonatal mortality are significantly higher in diabetic pregnancies. Both hyperinsulinemia and hyperglycemia by independent mechanisms negatively influence fetal development resulting in fetal macrosomia and hypoxia. High glucose levels are accompanied by oxidative stress with alteration of antioxidant enzyme activities, impaired glutathione metabolism and decreased ascorbic acid levels [@bib38]. Moreover, free radicals oxidize lipid membrane components and produce alterations of lipid bilayer of cell membranes altering their adaptability to capillary circulation, promoting platelet hyper-aggregability and shortening half-life especially in erythrocytes. These circumstances contribute to fetal hypoperfusion and growth retardation [@bib38].

Fetal hypoxia has been assessed in the fetus determining EPO in plasma and amniotic fluid (AF). EPO is not stored and does not cross the placenta. Thus, fetal plasmatic and AF EPO levels clearly reflect fetal synthesis and elimination and significantly correlate with the intensity and duration of hypoxia [@bib39]. Both type 1 diabetes and insulin-treated gestational diabetes are characterized by hyperglycemia and oxidative stress, which consistently alter fetal metabolism even in euglycemic diabetic pregnancies [@bib40]. Hyperglycemia causes an overproduction of advanced glycation end products and activates hexosamine biosynthesis. As a consequence, both NAD synthesis and rebuilding of GSH by GSH-reductase are reduced. Finally, activation of the polyol pathway, protein kinase C pathway, and oxidases activation also contribute to increased ROS production leading oxidative stress. Under a pro-oxidant status fetal NFκB, activator protein-1 and HIF-1α become activated and contribute to insulin resistance either acting directly acting upon insulin or indirectly negatively influencing insulin-signaling pathway [@bib41], [@bib42]. In an observational study in pregnant women with type 1-diabetes or gestational diabetes treated with insulin EPO levels were determined in amniotic fluid (AF). Aliquots of AF were analyzed for DNA (8-OH-dG/2dG), meta-tyrosine/phenylalanine and nitro-tyrosine/phenylalanine ratios. A highly significant statistical correlation between these metabolite ratios and EPO in AF was established indicating that *in utero* hypoxia in insulin dependent diabetic pregnancies caused fetal oxidative stress and increased neonatal morbidities. [@bib43].

### 1.3.3. Oxygen supplementation to the mother and effect upon the offspring {#s0035}

Oxygen has been supplemented to overcome high-risk situations during delivery in the mother and fetus. Oxygen supplementation to the mother during elective cesarean section (CS) under regional anesthesia increases oxygen transfer to the fetus but causes a simultaneous increase in lipid peroxidation byproducts such as isoprostanes both in the mother and fetus [@bib44]. In a 2016 Cochrane review higher SpO~2~ and p~a~O~2~ were obtained in pregnant women receiving supplementary oxygen during labor. In addition, offspring of mothers supplemented with oxygen had higher arterial and venous umbilical partial pressures of oxygen. Moreover, mothers receiving oxygen and their offspring had increased plasma lipid peroxidation byproducts. Of note, isoprostanes levels significantly correlated with maternal arterial partial pressure of oxygen (p~a~O~2~) [@bib45]. Emergency CS is a different scenario where administration of oxygen to the mother could mitigate maternal brain de-oxygenation [@bib46] and fetal hypoxia [@bib47]. However, Thorp et al. reported a higher incidence of fetal acidosis when the mother was treated with supplementary oxygen for a longer period of time attributing this response to metabolic reactions associated with hypoxia-reoxygenation [@bib48]. Nonetheless, Khaw et al. [@bib49] studied the effect upon oxygenation and oxidative stress of the administration of a gas admixture containing 21% or 60% oxygen in pregnant women and offspring\'s submitted to emergency CS with regional anesthesia for sentinel signals of fetal compromise and didn't find any significant differences in mothers or newborn oxygenation status or in the levels of umbilical artery/vein total plasma free and esterified 8-isoprostanes as determined by GC-MS/MS. However, no clinical follow-up has been reported and information regarding any biological consequences upon the newborn infant is lacking.

1.4. Fetal to neonatal transition {#s0040}
---------------------------------

Initiation of breathing immediately after birth triggers profound cardiorespiratory and metabolic changes. Pulmonary vascular resistance drops, intra-and-extra-cardiac shunting close and right ventricular output is redirected to the lungs where it gets oxygenated. PaO~2~ rises abruptly from 40 to 50 mmHg to 70--80 mmHg in the first 5--10 min after birth [@bib50]. Arterial oxygen saturation (SpO~2~) reflects the percentage of hemoglobin that is saturated with oxygen. Under physiologic circumstances SpO~2~ range oscillates between 95% and 100% in newborn infants. The SpO~2~ ranges in normal newborn infants retrieved in the first minutes after birth show that term babies achieve oxygen saturations of 70%, 80%, 90% and 95% at 1, 3, 5, and 10 min after birth while preterm babies achieve oxygen saturations of 60%, 75%, 85% and 95% at 1, 3, 5 and 10 min after birth [@bib51].

Healthy term newborn infants will usually require only positive pressure in the airways with air to achieve normal physiologic cardiorespiratory postnatal adaptation. However, preterm infants especially very preterm (\<32 weeks of gestation) will frequently need positive pressure in the airways using a gas admixture that may contain an oxygen concentration \>21% (air) to be successfully stabilized [@bib7].

Postnatal increase in oxygen availability causes a burst of ROS and a physiologic oxidative stress. Remarkably, the expression of the antioxidant enzymes superoxide dismutases, catalase, and glutathione peroxidase changes dynamically during the last weeks of gestation preparing the fetus for lung respiration ([Fig. 2](#f0010){ref-type="fig"}). Similarly, availability of the most relevant non-enzymatic antioxidants such as reduced glutathione (GSH), thioredoxin (TRx), hem-oxygenases, vitamin C, E, β carotene, and transition metal chelators is not achieved until the end of gestation [@bib11].Fig. 2Maturation of the antioxidant defense system occurs late in gestation in fetal lung coupled to lung surfactant adapting the respiratory and antioxidant system to face postnatal afflux of oxygen to tissue. The graph represents changes experimented by the antioxidant enzyme activity in fetal rabbits at the end of gestation. Modified from Frank et al. [@bib84].Fig. 2Fig. 3Certain clinical conditions *in utero* cause hypoxia or hyperoxia in the fetus or during fetal to neonatal transition. Recovery of normality through resuscitation/reperfusion is going to generate a burst of oxygen free radicals by activation of oxidases, NO synthase and OXPHOS. Oxidative stress will induce pro-apoptotic and pro-inflammatory cascades thus contributing to the amplification of the initial damage. Abbreviations: XD=xanthine dehydrogenase; XO=xanthine oxidase; NOX=NADPH oxidases; NOS=nitric oxide synthase.Fig. 3

### 1.4.1. Perinatal asphyxia, newborn resuscitation and hypoxic ischemic encephalopathy ([Fig. 3](#f0015){ref-type="fig"}) {#s0045}

Perinatal asphyxia is a devastating disorder that affects roughly 2% of newborn babies in industrialized countries but constitutes one of the leading causes of early neonatal death in non-industrialized countries [@bib52]. Ischemia and hypoxia reduce oxygen supply to neurons leading to ATP depletion and inactivation of ATP-dependent ion pumps causing both intracellular accumulation of Na^+^(cell swelling), Ca^2+^(increased free radical formation) and excitotoxicity (inhibition of neurotransmitters' recaptation at the synaptic cleft) that cause cell death [@bib53]. Reperfusion injury, first described 4 decades ago, is a paradoxical tissue response that is manifested by blood perfusion-deprived and oxygen depleted organs following restoration of blood flow and oxygenation, and is caused by an excess of production of oxygen free radicals [@bib54], [@bib55]. Upon resuscitation in asphyctic patients, reperfusion, restoring oxygen and glucose delivery to tissue may salvage neurons but will itself cause additional apoptotic brain damage amplifying the initial damaged areas of the brain. One of the most relevant sources of free radicals that enhance cellular damage upon reperfusion is related to the conversion of xanthine dehydrogenase (XD) to xanthine oxidase (XO). XD is unable to transfer electrons to molecular oxygen, although it uses NADPH as electron acceptor. The conversion of XD to XO involves either the oxidation of the thiol groups (R-SH→R-S-S-R) or proteolysis by activated proteases as an adaptive mechanism for Ca^2+^ transport in energy-deficient cells. In addition, ATP is converted into hypoxanthine a purine substrate for XO. Upon re-oxygenation XO converts hypoxanthine to uric acid and molecular oxygen to superoxide and hydrogen peroxide. In addition, transition metals (e.g., iron) precipitate the generation of hydroxyl radical via Fenton chemistry thus increasing exponentially oxidative damage [@bib5].

In experimental studies Saugstad et al. showed that hypoxanthine accumulation in different animal models of hypoxia directly depended on the duration and intensity of hypoxia [@bib56], [@bib57], [@bib58]. Remarkably, free radical production directly correlated with the amount of oxygen provided upon reoxygenation [@bib59]. Urinary samples were analyzed for oxidative damage to DNA (8-hydroxy-2′-deoxyguanosine/2′deoxyguanosine ratio) and proteins (ortho-tyrosine/phenylalanine ratio) by HPLC-MS/MS. Analytical results showed that urinary levels of both biomarkers were significantly higher in piglets rescued with higher FiO~2~ [@bib59]. Additional experimental studies showed that reoxygenation with higher oxygen concentrations also induced dose-dependent increase in matrix metalloproteinase gelatinase activity and down-regulated the expression of VEGFR2 and TGFBR3 in liver [@bib60]. Moreover, concentration of isoprostanes, isofurans, neuroprostanes, and neurofurans in brain tissue determined by GC-MS/MS were significantly increased in hypoxic piglets and clearly correlated with the amount of oxygen provided during reoxygenation [@bib61]. Cheung et al. administered intravenous N-acetyl-cysteine (NAC) a well-known antioxidant to hypoxic piglets upon reoxygenation with 100% oxygen. NAC improved cardiac index, stroke volume and systemic oxygen delivery. In addition, changes in cardiac index directly correlated with tissue levels of myocardial lipid hydroperoxides, caspase-3 and lactate. The administration of NAC reduced myocardial oxidative stress and improved cardiac performance [@bib62].

In a pilot study in severely asphyxiated newborn infants metabolomic analysis showed a significant increase of 8-iso-15 (R)-PGF2α that significantly correlated with the clinical and biochemical severity of the patients [@bib63].

Based on a body of experimental evidence two decades ago Saugstad et al. hypothesized that the use of room air would be suitable for the resuscitation of asphyctic neonates and reduce damage caused by re-oxygenation using 100% oxygen. In two clinical studies they showed that the use of air was feasible for resuscitation of term infants, and it restored spontaneous respiration more rapidly, and showed a tendency towards reduction in mortality [@bib64], [@bib65]. In a series of randomized control blinded studies, Vento et al. [@bib66], [@bib67], [@bib68], [@bib69], showed that reduced-to-oxidized glutathione ratio (GSH/GSSG) was significantly diminished in asphyxiated babies receiving pure oxygen as compared to air. Intriguingly, GSH/GSSG ratio was significantly lower in babies receiving pure oxygen at four weeks after birth [@bib66]. The use of 100% oxygen caused hyperoxemia, increased the activities of antioxidant enzymes (SOD, CAT, GPx), glutathione redox cycle enzymes (GSH-reductase, GSH-S-transferase). Furthermore, GSH/GSSG ratio and activities of the antioxidant enzymes correlated with p~a~O~2~ [@bib67], [@bib68]. Finally, it was shown that plasma troponins and urinary levels of N-acetyl-glucosaminidase correlated with GSSG levels and were significantly higher in the pure oxygen group [@bib69]. In 2008 a meta-analysis that included a total of 1082 newborn babies resuscitated with 21% and 1051 with 100% oxygen was published [@bib55]. Neonatal mortality was significantly reduced in the 21% group compared to the 100% oxygen group [@bib16]. In 2010 international guidelines for newborn resuscitation adopted air as the initial gas for newborn resuscitation [@bib17]. Recently, clinical trials using antioxidant strategies such as XO inhibitors have been launched [@bib70].

### 1.4.2. Postnatal stabilization of very preterm infants with oxygen {#s0050}

Premature birth interrupts lung, antioxidant and immune system maturation predisposing preterm infants to acute morbidities during the neonatal period and chronic impairment thereafter [@bib71]. Supplementation with oxygen upon stabilization in the delivery room is a prevalent intervention that may cause oxidative stress [@bib72]. The percentage of oxygen in the gas admixture that is given to newborn infants is known as the oxygen inspiratory fraction (FiO~2~) and ranges go from 0.21 (air) to 1.0 (pure oxygen). FiO~2~ can be adjusted according to the response of the patients' heart rate and oxygen saturation. Tataranno et al., found a significant increase in plasma levels of advanced oxidative protein products and isoprostanes 12 h after birth in preterm babies receiving 100% oxygen [@bib73]. Similarly, Vento et al. [@bib18] compared resuscitation of extremely preterm infants randomly assigned to receive positive pressure ventilation of the airways with a gas admixture that contained a lower oxygen concentration of 30% (LowOx) vs. a higher oxygen concentration of 90% (HiOx). Neonates in the HiOx group exhibited significantly higher GSSG/GSH ratio in whole blood at days 1 and 3 and increased oxidative damage to lipids, proteins, and DNA measured by GC-MS/MS in urine. Moreover, patients with higher levels of oxidative stress had a significantly increase incidence of bronchopulmonary dysplasia (BPD) [@bib18]. Ezaki et al. [@bib74], also analyzed the correlation between FiO~2~ and markers of oxidative stress and anti-oxidant capacity in preterm babies \<35 weeks gestation. Infants who received pure oxygen had significantly higher total peroxides and lower redox potential/total hydroperoxides ratios than neonates who received lower oxygen loads. Finally, Kapadia et al. [@bib19], compared oxidative stress biomarkers in extremely preterm infants stabilized initially either with 100% oxygen or air. Total hydroperoxides (TH), biological antioxidant potential (BAP) and TH/BAP quotient were determined in cord blood and one hour after birth. At one hour BAP/TH was significantly higher in preterm infants ventilated initially with air. In addition, these babies needed less days of mechanical ventilation and had a lower incidence of bronchopulmonary dysplasia [@bib19]. Remarkably, when the difference in the initial FiO~2~ provided to preterm infants for stabilization in the DR was smaller (e.g. 0.3 vs. 0.6) no significant differences in oxidative stress biomarkers were found. Hence, in two randomized controlled trials performed by Aguar et al. [@bib75] and Rook et al. [@bib76] preterm babies were randomly assigned to be blindly resuscitated with initial FiO~2~=0.3 vs. 0.6. GSH/GSSG ratio in total blood, and urinary 8-OHdG/2dG, Ortho-tyrosine/Phenylalanine ratios, and 3-Cl-Tyrosine, 3-N-Tyrosine, and non-protein bound iron values did not meet statistical significance. The capability of preterm infants to tolerate oxygen is limited even for brief periods of time. Oxidative stress is associated with relevant long-term conditions. Therefore, cautious supplementation with oxygen is recommended in the most recent resuscitation guidelines [@bib17], [@bib77].

### 1.4.3. Lipid peroxidation biomarkers' nomogram in preterm infants {#s0055}

Prostaglandin-like derivatives such as isoprostanes (IsoPs), neuroprostanes (NeuroPs), isofurans (IsoFs) and neurofurans (NeuroFs) are the result of free radical interaction with arachidonic (AA) and docosahexanoic (DHA) acids respectively [@bib78]. With the introduction of highly sensitive analytical techniques such as GC-MS/MS or UPLC-MS/MS accurately and reproducible measurements have been feasible ([Table 1](#t0005){ref-type="table"}). At present these metabolites constitute one of the most reliable markers of *in* vivo free-radical induced oxidative stress. Plasma and tissue analysis have shown that these metabolites have the highest tissue and plasma concentrations during fetal and early neonatal life when they may play an important biological role and act as regulators of pulmonary vascular tone especially during the fetal-to-neonatal transition. [@bib79]. Notably, IsoPs are highly reliable biomarkers of oxidative stress in newborn infants under normoxic conditions. However, hyperoxia limits the formation of IsoPs. Therefore IsoPs are poor prognostic predictive biomarkers for the development of oxygen-derived chronic lung disease in preterm infants [@bib80]. On the contrary, formation of IsoFs becomes favored at higher oxygen tensions rendering these biomarkers especially relevant for clinical research in neonatology and predictive of BPD development [@bib81] ([Fig. 4](#f0020){ref-type="fig"}). NeuroPs and NeuroFs are byproducts of DHA. DHA is an essential structural component of brain and therefore NeuroPs and NeuroFs are relevant markers of brain damage under normoxic and hyperoxic conditions respectively [@bib82]. The use AA and DHA peroxidation byproducts entail many difficulties because of the large number of metabolites, including isomers with highly similar molecular structures, physicochemical properties, and chromatographic behavior. Recently, using newly developed UPLC-MS/MS methods Kuligowski et al. [@bib14], [@bib15], analyzed a total of 536 urine samples during the first 4 weeks of life in 184 preterm infants who did not develop any free-radical associated conditions during the neonatal period [@bib75], [@bib76] and established a reference range for AA and DHA peroxidation byproducts ([Table 2](#t0010){ref-type="table"}). The access to a large sample set of this especially vulnerable population has allowed establish a time frame during which lipid peroxidation byproducts could be quantified and compared to normality ranges [@bib76].Fig. 4Isofurans urinary levels are represented in the Y-axis and days after birth in the X-axis. The graph depicts mean (darker line) and standard deviations of the mean (dotted lines) for urinary isofurans (IsoFs) in healthy preterm infants \<32 weeks' gestation without oxidative stress-associated conditions (Refs. [@bib75], [@bib76]). Preterm infants who developed bronchopulmonary dysplasia (red squares) exhibited significantly higher values for urinary IsoFs in the first 4 days after birth. Expressed in Intensity of Signal Arbitrary Units. Modified from Kuligowski et al. [@bib15].Fig. 4Table 2Analytical results for Isoprostanes (IsoPs), Isofurans (IsoFs), Neuroprostanes (NeuroPs) and Neurofurans (NeuroFs) determined in samples of urine of preterm infants ≤32 weeks' gestation without free radical associated conditions (Control) during the first 4 weeks after birth. Results are compared with preterm infants who developed bronchopulmonary dysplasia (BPD). Significant differences have been found for ISOFURANS (IsoFs) in the first 4 days after birth.Table 2.Postnatal day 1Postnatal day 3Postnatal day 4Postnatal day 7Postnatal day 14Postnatal day 21Postnatal day 28ControlBPDControlBPDControlBPDControlBPDControlBPDControlBPDControlBPD(95)(22)(126)(24)(93)(25)(19)(18)(33)(23)(26)(15)(48)(28)IsoPs494534101695512011339154194811027596152177(926)(354)(1391)(567)(1370)(1012)(208)(155)(85)(66)(53)(77)(402)(234)IsoFs2114455077888441233547612292334225198167198(239)(188)\*\*(413)(374)\*\*(590)(667)\*(651)(548)(372)(185)(215)(155)(188)(219)NeuroPs3746325837581925166192332379213254(61)(51)(34)(42)(65)(44)(18)(14)(291)(144)(356)(224)(290)(310)NeuroFs1420243928384454395150432334(26)(18)(26)(18)(21)(31)(38)(44)(39)(44)(48)(38)(28)(19)[^2][^3]

2. Conclusions {#s0060}
==============

An adequate availability of oxygen during the embryonic, fetal and postnatal periods is an essential prerequisite for normal metabolism, growth and development. Generation of ROS due to hypoxia or hyperoxia, inflammation or infection causes oxidative stress and alterations of cell structure and function. Research in the prenatal and postnatal period has underscored the role oxidative stress as causative agent of relevant perinatal conditions that will influence short and long-term development.

Despite the relevant findings in experimental research translation of perinatal oxidative stress into clinical research has been obscured by the lack of reliability and consistence of biomarkers and of lack of statistical power in most of the pilot studies. The recent incorporation of more precise, reliable, and reproducible analytical methods such as mass spectrometry coupled to gas chromatography or ultra-performance liquid chromatography, magnetic resonance or capillary electrophoresis has not overcome the previous difficulties, and its use is limited to research in highly supervised small clinical trials. The most relevant hindrance to the popularization of these techniques resides fundamentally in the complexity, cost and difficulty in driving of the laboratory equipment only available in academic setting with research facilities. Hopefully, the development of new machines with greater clinical applicability and new techniques such as surface enhanced Raman spectroscopy (SERS) can render excellent results at the cot side and may perhaps in the coming future allow to perform serial determinations of oxidative stress biomarkers with very little volume of sample and immediate results [@bib83].

Providing the tools for a prompt and accurate diagnosis of oxidative stress and response to treatment will undoubtedly contribute to improving the diagnosis and outcome of newborn patients.
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[^1]: *Abbreviations:* GSH: reduced glutathione; GSSG: oxidized glutathione; o-Tyr: ortho-tyrosine; m-Tyr: meta-tyrosine; 3N2-Tyrosine: 3-nitrotyrosine; 8OHdG: 8-hydroxi-2′-deoxiguanosine; 2dG: 2′-deoxiguanosine; IsoPs: isoprostanes; IsoFs: isofurans; NeuPs: Neuroprostanes; NeuFs: neurofurans; AA: arachidonic acid; DHA: docosahexanoic acid; CSF: cerebral spinal fluid; AF: amniotic fluid; LC: liquid chromatography: GC: gas chromatography; MS/MS: tandem mass spectrometry.

[^2]: Analyses were performed using UPLC-MS/MS.

[^3]: Results are expressed as intensity of signal units/mL of urine, and expressed as mean (standard deviation). Modified from Kuligowski et al. [@bib15]. Significance: \*P\<0.05; \*\*P\<0.01
